Abstract: Effects of short-term ozone (O 3 ) fumigation on radish (Raphanus sativus L.) plants were examined in growth chambers under controlled environment conditions. Plants were exposed to 0 μg/m 3 (reference), 80 μg/m 3 , 160 μg/m 3 and 240 μg/m 3 O 3 concentrations for 7 h per day for five days. Day/night temperature was 21ºC/14ºC and photoperiod 16 h. Chlorophyll content was evaluated spectrophotometrically. Chromatographic analysis of saccharides was also undertaken. The results showed that elevated O 3 inhibited the growth of radish rhizocarps, net assimilation rate and biomass accumulation. O 3 induced leaf desiccation, necrosis and premature senescence, but a typical reaction of plants to O 3 stress was the rapid regeneration of new leaves. O 3 inhibited accumulation of carotenoids more than chlorophylls. The higher photosynthetic pigment content in newly generated radish leaves may be regarded as an adaptation of the photosynthetic system to O 3 . Leaf saccharide metabolism and incorporation depended on O 3 concentration. Rapid regeneration of new leaves and increased content of photosynthetic pigments is the typical reaction of radish plants to O 3 stress.
Introduction
Ozone (O 3 ) is naturally present in the lower troposphere, where background O 3 levels have significantly increased during recent decades due to industrial combustion and traffic emissions [1] . O 3 is now considered to be the most phytotoxic of all the common air pollutants. It is formed through photochemical reactions between nitrogen oxides, carbon monoxide and hydrocarbons released primarily through the burning of fossil fuels in urban areas [2] . O 3 production is particularly favoured in the summer months by strong sunlight, high temperature and stagnant meteorological high-pressure systems, and O 3 concentrations therefore tend to be at their highest during the growing season of most of the worlds crop plants.
The impacts of O 3 on both yield and quality of crops and pastures depend on precursor emissions, atmospheric transport and leaf uptake and on the plant's biochemical defence capacity [3] . High O 3 concentrations have long been known to affect many physiological and biochemical characteristics, as well as growth and yield of agricultural crops [4] [5] [6] and natural vegetation [7] [8] [9] . It is generally assumed that damage by O 3 is mainly the result of reactive oxygen species formation, promoting oxygen toxicity in the plant cell [10] . Photosynthesis is a core function in the physiology of all plants and is a primary target of O 3 effects [11] . The photosynthetic system of plants responds to the effects of various stresses sensitively and measurement of the photosynthetic pigments in plants affected by stress is a useful method for determining oxidative stress [12] .
According to the Ozone Directive 2002/3/EC the AOT40 values should not exceed 6000 µg/m 3 × h for the protection of crops and semi-natural vegetation. Analysis of data for the 1994-2004 showed that the ground-level O 3 concentration and accumulated O 3 exposure over the threshold of 40 ppb (AOT40) in rural areas of Lithuania was above the critical level [13] . Even though the critical levels of O 3 are not frequently exceeded in Eastern Europe, it is expected that trans-boundary pollution, as well as input from local pollution sources, may lead to a rapid increase of O 3 concentration in this region [14] .
As one of the most popular early spring vegetables, radish plants (Raphanus sativus L., cv. Žara) were used in this experiment. The aim of this study was to assess the effects of different experimental O 3 concentrations on growth, photosynthetic pigments and saccharide quantity in the plants.
Experimental Procedures
The research was carried out in controlled environment growth chambers at the Laboratory of Plant Physiology, Lithuanian Institute of Horticulture. Four chambers (24 m 2 each) were used for the study. Radish (Raphanus sativus L. cv. Žara) plants (25 per pot) were sown and grown in a neutral peat substrate in 5 L pots (21 cm in diameter). In every treatment, there were three replicate pots. Until and for 12 days after germination, the plants were grown in a greenhouse at an average temperature of 20-25ºC under natural solar radiation. Then pots with radishes were transferred to growth chambers with 16 h photoperiod and 21ºC/14ºC day/ night temperature, and left for 2 days to acclimatise. High-pressure sodium lamps (SON-T Agro, Philips) at a PPFD of ~200 µmol/m 2 /s were used for illumination. Subsequently, the introduction of O 3 commenced. Different O 3 concentration in the separate growth chambers was maintained as follows: 0 (reference), 80, 160 and 240 μg/m 3 . Plants were treated with O 3 7 h per day, 5 days per week. Plants were watered with a certain content of tap water to keep soil moisture of 30-40%.
The O 3 concentrations were generated using an ozone generator OSR-8 (Ozone Solutions, Inc., Sioux Center, USA) and the level of O 3 was monitored using a portable ozone sensor OMC-1108 (Ozone solutions, Inc., Sioux Center, USA).
After 5 days of O 3 exposure above-ground plant height, rhizocarp diameter, assimilating leaf area and dry biomass were measured. Assimilating leaf area was measured using a leaf area meter WinDIAS, Delta-T Devices. Plant tissues were oven-dried at 105ºC for 24 h to determine dry biomass. Net assimilation rate was estimated from the plant dry biomass and assimilating leaf area according to formula:
where P pr -net assimilation rate (g/m 2 /day); M 2 -M 1 -dry biomass at the end and at the beginning of given time period (g); L 1 , L 2 -assimilating leaf area at the beginning and at the end of given time period, respectively (m 2 ); T -experiment period (days). Biometric measurements were performed with five replications.
The amount of chlorophylls and carotenoids in green leaves were determined spectrophotometrically in a 100% extract of acetone [15] , with a Genesys 6 spectrophotometer (ThermoSpectronic, USA). Photosynthetic pigment content was determined separately in damaged and regenerated leaves. Three biological samples were measured.
Saccharide samples were prepared by grinding about 1 g of leaf fresh mass and extracting with 4 mL hot double-distilled water. After 24 h the extract was filtered through cellulose and membrane (pore diameter 0.2 µm) filters. Chromatographic analyses were carried out using high pressure liquid chromatography (HPLC) (Shimadzu 10A) with a refractive index detector (Shimadzu, Japan) and Adsorbil NH 2 -column (150 mm x 4.6 mm; Alltech, USA), with mobile phase of 75% aqueous acetonitrile and flow rate of 1 mL/min. Three replicate analytical measurements were performed on each sample.
All data were analyzed by ANOVA (ANOVA for MS Excel, version 3.43) and Fisher's LSD test procedure (P≤0.05).
Results
There was an insignificant impact of O 3 on height of the above-ground part of the radish plants (Table 1) . 
Increased O 3 adversely affected the formation of the radish rhizocarp at 160 and 240 µg/m 3 concentrations. The rhizocarp diameter was about half that of the reference plants (Table 1) . O 3 also caused radish foliar injuries, induced leaf desiccation, necrosis and senescence ( Figure 1) .
A typical plant reaction to O 3 stress was rapid regeneration of new leaves and, as a result, assimilating leaf area of plants was increased immediately after the exposure (Table 1) . Radish, exposed to O 3 accumulated the same dry biomass in the leaves as non-treated plants. However, accumulation of dry biomass in rhizocarps was inhibited (Table 1 ). Significant decrease in net assimilation rate was observed under all O 3 levels ( Table 1) (Table 1) , and caused foliar injuries at the beginning of the experiment: induced leaf desiccation, necrosis and shedding (Figure 1) . O 3 accelerates leaf senescence and premature leaf loss. Phytohormones also play key roles in determining the degree of plant O 3 sensitivity, O 3 lesion development and O 3 -induced cell death [17, 18] . Salicylic acid (SA) accumulates in ozone-exposed plants, and high levels of SA correlate with the formation of leaf lesion [18] . Ethylene is involved in promotion of the development of ozone-induced leaf damage and also delays stomatal closure by inhibiting the abscisic acid (ABA) signaling pathway. ABA is involved in response to several biotic and abiotic stresses and is a well known regulator of stomatal closure [19, 20] . The delayed stomatal closure caused by ozone-induced ethylene production may result in higher influx of O 3 into leaves, which might trigger the promotion of leaf damage. Decreasing cytokinin content in leaves is necessary for the progression of senescence, but is not a signal that triggers its onset [21] . The development of ozone-induced lesions in damaged radish leaves seems to be hormone regulated, with different phytohormones and their interaction regulating reactive oxygen species (ROS) production and competence of the cell to perceive and react to ROS signals. Damaged radish leaf cells in which lesions have developed produce high levels of SA and ethylene, generating additional ROS through activation of NADPH-oxidase. SA and ethylene biosynthesis and signaling enhance each other, and probably inhibit the jasmonic acid (JA) signaling that could provide O 3 tolerance via the activation of the cell's defense responses [18] . Consequently, ROS generation increases exponentially as a result of the oxidative cell death cycle, and the visible lesions appear as the damage spreads. A typical radish plant reaction to O 3 stress was the rapid regeneration of new leaves. Photosynthetic compensation of newer foliage under O 3 exposure has been observed in some species exhibiting premature senescence [21] . Leaf senescence usually occurs concomitantly with other mechanisms for stress resistance in young leaves, so that the plant can reinitiate growth and reproductive development under stressful conditions [22] . Possible changes in phytohormone content and their balance can induce resistance to O 3 exposure in regenerated leaves. It can be predicted that optimal SA and ethylene levels existed in regenerated leaves and ozone-exposed cells resist ROS. Optimal levels of SA and ethylene production induce the expression of defense-related genes that are involved in antioxidant and detoxification processes [18] . JA might inhibit the development of ethylene-dependent lesions caused by O 3 through coordinated activation of metabolic pathways for the production of antioxidants [18, 23] . Increased supply of ABA is involved in the activation of the pathways that enable the adjustment of plant growth and metabolism to the stressful conditions, allowing acclimation [24] . Photosynthesis assimilates were accumulated and used for repair processes of the damaged photosynthetic apparatus instead of being transported to radish rhizocarps. As a consequence, plants exposed to 160 and 240 μg/m 3 O 3 had significantly smaller rhizocarps compared to non-treated plants. All applied O 3 concentrations reduced dry biomass accumulation in radish rhizocarps ( Table 1 ). The limited availability of photoassimilates was balanced by leaf and shoot growth at the expense of the root system. Data in literature predict that O 3 may cause greater disruption of processes below ground than above, and these changes may occur before changes are observed above ground [25] . Though roots are not injured by O 3 directly, they are influenced through indirect mechanisms. The distribution of photosynthetic assimilates changes under O 3 exposure. O 3 exposure decreases the rate of photosynthesis and increases the rate of respiration and these processes are associated with accelerated leaf senescence. Allocation of photosynthetic assimilates to the shoots and leaves at the expense of roots under appropriate conditions becomes a priority [26] . Increased costs associated with membrane repair, protein/antioxidant synthesis, possible photosynthetic down-regulation, and decreased phloem loading all contribute to the reduction in allocation below ground [27] . In general, plant hormones are known to influence growth, cell differentiation and development and it has been proposed that specific plant growth regulators are particularly involved in regulating sink strength, photosynthate partitioning and phloem loading. Cytokinins are known to play a major role in the regulation of source-sink transitions [28] . High levels of cytokinins in leaves may promote the activity of apoplastic invertase and sugar transporters and activate cell division so that the tissues (young leaves) behave as sinks, and low levels also prevent growth in senescing leaves. Cytokinin levels tend to decrease under adverse environmental conditions [17, 29] . O 3 stress may reduce cytokinin production by roots and accelerated senescence in the old damaged radish leaves which have low potential for cytokinin synthesis. As a result, old damaged leaves senesce with nutrients being translocated to young leaves which, consequently, can display the higher levels of photo-and antioxidative protection throughout the progression of stress [23] . Cytokinins are reported to directly influence photosynthate transport and regulate the distribution of assimilates through influencing cell number in active young tissues, and consequently establishing a strong sink to attract assimilates [30] . We can maintain that in our experiment immature radish leaves -highly metabolically active, rapidly growing tissues -consumed assimilates delivered from mature leaves and storage organs; moreover, the photosynthates produced in young leaves were also used for their growth. As determined by other authors, the ABA level in young leaves is high [31] . High ABA level at the early stages of leaf development presumably play an important role in cell growth and in the synthesis of cell-wall constituents, cellulose and hemicelluloses, because it prevents phloem loading, thus saving photoassimilates for various biosyntheses [31] . The increased level of ABA in newly developed radish leaves under O 3 exposure might suppress the phloem loading and induce carbon remobilization from senescing leaves and, as a consequence, assimilate outflow to radish rhizocarps decreased. Several studies have shown that enhanced ABA levels increased carbon remobilization from senescing leaves to grains in drought-stressed rice and wheat plants [32, 33] .
Discussion
Lowered radish net assimilation rates were achieved under O 3 exposure (Table 1) and this is most likely due to increased rates of respiration, followed by increased energy demand for repair processes. Plant net assimilation rate reduces as O 3 induces stomatal conductance as a defense mechanism against further injury [11] . Although decreased stomatal conductance reduces further O 3 uptake and damage, CO 2 fixation declines, possibly leading to increased photorespiration and production of phosphoglycolate. Part of the assimilated carbon is used for the synthesis of antioxidants and other secondary compounds necessary for quenching free radicals (H 2 O 2 , O 2 H, O 2, OH -) originating from reactions of O 3 with water and other solutes in the apoplasm [27] .
Many authors have shown that O 3 decreases chlorophyll content in plant leaves [12, 34] . Our results showed that although O 3 injured the radish photosynthetic apparatus, a significant impact on chlorophyll content was not demonstrated except in radish exposed to 160 µg/m 3 O 3 , where chlorophyll a content was significantly reduced in damaged radish leaves (Figure 2 and 3) . O 3 inhibited carotenoid accumulation more than chlorophyll (Figure 4 ), as shown also by other authors [35, 36] . Carotenoids shield chlorophyll from photooxidative destruction and function as antioxidants protecting plant cells from oxidative stress by stabilizing membranes and scavenging free radicals [37, 38] . Exposure to O 3 induces accumulation of photosynthetic pigments in newly vegetated leaves (Figures 2, 3, 4) . The O 3 concentrations of 160 and 240 µg/m 3 caused stress in plants, induced processes of homeostasis and the content of photosynthetic pigments increased as a result. The higher photosynthetic pigment content in newly vegetated radish leaves may be regarded as an adaptation of the photosynthetic system to O 3 .
Saccharides (glucose, fructose, sucrose etc.), the main carbon and energy source in plants, are mostly involved in quantitative and qualitative alternation in plants, so they especially respond to primary effects [39, 40] . Leaf saccharide analyses indicated that radish exposed to 80 µg/m 3 O 3 accumulated more monosaccharides ( Figure 6 ). When O 3 concentration was 160 µg/m 3 plants accumulated disaccharides more than monosaccharides. It has been suggested that O 3 impairs phloem loading, possibly due to plasmalemma or plasmodesmatal damage in the mesophyll cells [41] , resulting in accumulation of soluble saccharides in radish leaves. Increased saccharide content in radish leaves due to decreased phloem loading can lead to feedback inhibition of photosynthesis. More et al. [42] suggested that decreased export of leaf sucrose and subsequent increase in leaf sucrose and sucrose cycling are responsible for photosynthesis down-regulation in plants exposed to elevated CO 2 . Although a different mechanism, O 3 may result in photosynthetic down-regulation in some plants if phloem loading is impaired. Radish exposed to highest O 3 concentration accumulated only fructose, at a concentration significantly lower than in non-treated plants ( Figure 6 ). The comparatively low saccharide content in radish leaves may result from reduced carbon assimilation and possibly also the investments of carbon into the plants defense against reactive oxygen species. Plants can avoid O 3 stress by synthesizing antioxidant compounds capable of scavenging free radicals and the synthesis of antioxidant compounds results in diversion of saccharides from other metabolic processes [43] .
The 
